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FOREWORD

The technology program described herein was sponsored by
the National Aeronautics and Space Administration, Lyndon
B. Johnson Space Center, Houston, Texas, under Contract
NAS9-12077. The study was conducted during the 21-month
period from L July 1971 to 31 March 1973, The NASA tech-
nical monitor was Mr. W. L. Brasher and, subsequently,

Mr. R. C. Kahl. At Rocketdyne, Mr. L. P. Combs was pro-
gram manager and Dr, C. L. Oberg was project engineer.

Dr. Oberg was assisted by Mr, W. 5. Hines and Mr. L. Kusak.

This report has been assigned Rocketdyne Report Number
R-9136. A Separate summary report has also been pre-
pared (R-9206}.
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ABSTRACT

A series of rocket motor firings was performed in a
modified linear aerospike thrust chamber with the
Hy/0p propellant combination to allow determination
of the physical properties of the combustion gases in
acoustic cavities located in the chamber side walls.

A preliminary analytical study was first conducted to
define theoretically both the appropriate cavity dimen-
sions and the combustion gas flow field adjacent to
the cavity openings. During the subsequent motor fir-
ings, cavity gas temperature profiles were measured
and gas samples were withdrawn from the bottom of the
cavities for compositional analysis by measurement of
pressure/temperature variation and gas chromatography.
Data were obtained with both "radially" and "axially"
oriented cavities and with and without hydrogen bleed
flow through the cavities. The resultant experimental
data were then combined with the theoretical results
to develop a simplified procedure for predicting gas
cavity and acoustic velocity for use in acoustic
cavity design analyses.

The motor firings were made at a nominal mixture ratio
of 6.0 and over a chamber pressure range of 486 to

1107 psia. Measured cavity gas temperatures ranged
from 70 to 1510 F, depending on cavity configuration,
bleed rate, and location within the cavity. The cavity
gas was composed of 93 to 100 mole percent hydrogen
with the remainder being essentially all water vapor
with traces of atmospheric contaminants.
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INTRODUCTION

Recently, considerable attention has been directed toward rocket engines that are
operated at high chamber pressures and with the hydrogen/oxygen propellant combi-
nation, e.g., the Space Shuttle Main Engine. Undoubtedly, some method of prevent-
ing combustion instability will be required in such engines. One of the most
attractive ways of obtaining this stability is the use of acoustic cavities or
absorbers to damp acoustic modes of combustion instability.

Absorbers may comprise acoustic resonators distributed in some manner along the
interior walls of a thrust chamber. One such arrangement, which is particularly
attractive from a design and manufacturing standpoint, is a single row of acoustic
resonators along the periphery of the injector. The term "acoustic cavity" has
been loosely used to describe this simple arrangement of resonators, generally
quarter-wave resonators. These cavities are simply narrow slots, either axially

or radially directed, with uniform cross-sectional area. The slots are partitioned
to prevent circumferential flow of hot gases. However, interest is not restricted
to these simple slots. Any form of acoustic resonator should be useful, although
some forms may be more effective than others.

Acoustic cavities may be used as the sole means of instability suppression or as
a supplement to injector-mounted baffles. If used as a supplement to baffles, a
less elaborate baffle configuration is required. This is important because baf-
fles are difficult to cool at the high chamber pressures. Moreover, the use of
baffles may be accompanied by problems with fabrication, durability, performance
losses, and excess weight. Most of these problems do not occur with the use of
cavities, although others, such as the spatial requirements for the cavities, do.
Thus, the use of acoustic cavities or a suitable combination of baffles and cavi-
ties is likely to be the best means of preventing combustion instability in high
chamber pressure H2/02 engines,

Acoustic absorbers are generally designed through the use of analytical procedures
that include a calculation of the oscillatory behavior of the resonator itself.
This analysis requires a knowledge of the sound velocity and density of the gases
contained in the cavity as well as the cavity dimensions. As this program began,
little information pertaining to cavity sound velocity and density for high-
pressure Hp/07 engines was available. Acoustic cavities have been applied with
considerable success to engines employing storable propellants but not to H,/0;
engines. The available information was obtained almost exclusively from limited
testing with acoustic liners (an array of Helmholtz resonators usually distributed
over the entire chamber wall from the injector to the nozzle entrance). Therefore,
this program was undertaken.

The purpose of the program described herein was to determine experimentally the
sound velocity and density of the gases contained in the acoustic cavities of
moderately high chamber pressure Hy/0, engines. These properties were to be
determined over a sufficient range of operating conditions and cavity configura-
tions to allow correlations to be developéed that would be applicable to the entire
range of interest (nominally, chamber pressures from 500 to 3000 psia and injection
mixture ratios between 5.0 and 6.5).
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To meet the objectives of the program within available funds it was deemed neces-
sary to utilize an existing thrust chamber. Moreover, it was desired that an
engine be selected that would be suitable for subsequent stability rating tests

if so desired. A Rocketdyne linear aerospike segment thrust chamber (Ref. 1} was
selected for several reasons including availability and operating pressure capa-
bility. This engine has a rectangular cross section that has the advantage to
this program of a relatively low thrust and propellant consumption rate for a
particular fundamental mode instability frequency, when compared with a cylindri-
cal engine. A cylindrical engine with an equivalent instability frequency would
have a thrust level of 80,000 1bf as compared with a 9000 1bf for the linear
engine. A low instability frequency would be desirable for subsequent instability
testing because, typically, stability is more difficult to achieve at low (acoustic)
frequencies so that the test of cavity stabilization would be more stringent. In
addition, the injector design of the linear aerospike was thought to be resenta-
tive of the state of the art.

The approach taken during this program was to install acoustic cavities in the
selected aerospike thrust chamber and then measure, during motor firings, the tem-
perature distribution within the acoustic cavities and withdraw gas samples from
them for subsequent compositional analysis. The cavity sound velocity and gas
density were calculated from the measured temperature and composition.

A number of difficulties encountered during the program led to diminished extent
of testing and analysis from that originally planned. The principal difficulties
were encountered in obtaining a suitable thrust chamber, which proved less avail-
able than anticipated when the aerospike segment was selected for testing, for use
during the test program and then installing the cavities in the fragile structure
of the regeneratively cooled engine. Nevertheless, a substantial number of tests
were made and sufficient data were obtained to allow useful correlaticns to be
developed for the cavity gas temperature and composition.

This report describes (1) analytical studies which are made to aid in selection

of the cavity configurations to be tested, to predict the nature of the combustion
flow field, and to predict stability variations with chamber pressure, (2) design
and fabrication of the hardware used during the test program, (3} results from the
test program, and (4) analysis and correlation of the results.
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ANALYTICAL STUDIES

The effects of varying cavity dimensions and engine operating conditions on cavity
damping, the combustion flow field (cavity environment), and engine stability were
examined analytically. The primary purpose of these studies was to ensure that
the experimental results from the motor firing program would be as completely
applicable as possible to high chamber pressure Hp/0; engines of current interest,
e.g., the Space Shuttle Main Engine. More specifically, analytical studies were
done for the following reasons:

1. To aid selection of representative acoustic cavity configurations

2. To assess the effects of chamber pressure variations on the cavity
environment (combustion flow field) and engine stability

3, To provide information on the cavity environment that could be used to
rationally correlate measured variations in cavity conditions with
engine operating conditions and cavity configurations

To meet these objectives, three kinds of analyses were used, all of which had been
developed previously. An analytical model that predicts the damping contributed
by an acoustic cavity array was used to predict the variation in cavity damping
with changes in cavity configuration. Another analytical model that predicts the
steady-state combustion flow field in an engine with concentric tube-type injec-
tion elements was used to calculate the flow field environment of the acoustic
cavities. Finally, a Priem-type combustion instability model was used, employing
results from the steady-state combustion model calculation,to predict engine
stability.

SELECTION OF CAVITY CONFIGURATIONS TO BE TESTED

An analytical procedure has been developed to aid in the design of acoustic cavi-
ties (Ref. 2 ). With this procedure, the variation in damping preduced by an
acoustic cavity (independently of other gain or loss processes) is calculated
with variations in cavity dimensions. Because there is presently no method for
analytically estimating the amount of damping required to achieve stability, a
cavity that is calculated to produce near-maximum damping is generally selected
for use. This procedure was used to aid selection of the cavity configurations
to be tested because it is the procedure that would normally be used to design
cavities for a new application. This analytical procedure is outlined in
Appendix A.

An analysis was made for a cylindrical engine with an instability frequency of
the first tangential mode equal to that of the first transverse of the linear
aerospike selected for testing. Thus, the linear aerospike was chosen as an
experimental model of the corresponding cylindrical engine because cylindrical
engines are currently of a greater interest to NASA. From a practical standpoint,
this only affects the size and location of the individual cavities.

In a cylindrical engine, acoustic cavities are generally located along the periph-
ery of the injector. The corresponding location in the linear aerospike is the
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junction between the injector and the side walls of the chamber. Moreover, because
of the welded construction of the linear aerospike with integral regenerative cool-
ing passages, the only practical locations for acoustic cavities in this hardware
were the straight end walls adjacent to the injector. The two types of cavity con-
figurations chosen for this location are sketched below.

GAS GAS
FLOW FLOW
| INJECTOR INJECTOR
FACE FACE
CHAMBER // CHAMBER
SIDE WALL— S{DE WALL
AXIAL CAVITY
RADIAL CAVITY

For a cylindrical engine, these configurations would be called "radial" and "L-
shaped semiaxial." Therefore, for this program they have been termed simply
"radial' and "axial" cavities. Both configurations were selected because one pur-
pose of the program was to evaluate the effect of orientation on the cavity gas
properties.

Cavity damping calculations were made for each of these configurations (cylindrical
chamber) with cavity gas properties being estimated from the experimental data of
Phillips (Ref. 3) which were obtained from tests with an acoustic liner. Average
cavity gas temperature was assigned a value of 1125 R while the gas composition was
assumed to consist of 90 mole percent hydrogen and 10 mole percent water vapor.

The assumption of ideal gas behavior and a specific heat ratio of 1.37 then resulted
in an estimated gas density of 0.304 1bm/ft3 and sonic velocity of 4625 ft/sec at a-
chamber pressure of 1000 psia. Based upon stability results from tests with acoustic
cavities in an unbaffled Lunar Module (LM) ascent-type engine (Ref. 4}, a value of
0.15 was assigned to the amplitude parameter Fﬁ/ypo.

The results from these calculations are shown in Fig. 1 and 2. Based upon these
results, single cavity depths of 4,30 and 5.0 inches were chosen for the radial
and L-shaped cavities respectively. The basic cavity width was chosen as 0.8 inch
with provision for variation of the width to 0.4 or 0.6 inch by means of inserts
in the cavity. These cavity dimensions were selected because they correspond to
near maximum predicted damping end, therefore, are representative of dimensions
that would be chosen for an application of cavities. It is of interest to observe
that the predicted damping for the two basic configurations is similar in magnitude
but maximum damping occurs at different physical depths. However, even if the
depth of the L-shaped axial cavity is scaled to correspond to that of the radial
cavity, assuming the "effective" depth of the axial cavity which gives maximum
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damping is the same as the physical depth of the radial cavity at maximum damping,
the predicted damping is noticeably different. Nevertheless, the differences are
not large enough to justify selecting one orientation over the other on this basis.

ANALYSIS OF COMBUSTION GAS FLOW FIELD

A quasi-one-dimensional computerized steady-state combustion model was used to pre-
dict the combustion flow field that existed in the engine and, thus, the environ-
ment for the acoustic cavities. This model, the CSS combustion model, is set up
for the analysis of concentric tube injection elements and has been extensively
used to analyze various Hy/0; engines. This model is briefly described in Appen-
dix B and more thoroughly in Ref. 5. Three series of calculations were made with
this model.

The objective of the first series was to determine the effects of a varying chamber
pressure with a fixed hardware configuration, as would later be tested in the motor
firing experiments. For this series of calculations, the injector configuration of
the cast segment linear aerospike engine originally scheduled* for use in this pro-
gram was analyzed for chamber pressures of 800, 1000, and 1200 psia and an injected
mixture ratio of 6.0. In this injector, a LO2 post recess of 0.15 inch was used.
Such a recess promotes vaporization and mixing in the cup formed by the recess.

Results from a combustion model calculation for a chamber pressure of 1000 psia
are shown in Fig. 3 with the calculated extent (fraction) of propellant combus-
tion, gas mixture ratio, temperature, and axial velocity of the combustion gas

for the initial 3.0 inches downstream of the injector being shown. The calculated
variation of the extent of combustion over the initial 2.4 inches downstream of
the injector at 800 and 1000 psia is shown in Fig. 4 . There is little variation
in the calculated propellant burning rate over this pressure range. Because the
axial dependence of mixture ratio, gas temperature, and velocity are all closely
related to the variation in burning rate, the gas flow field described by Fig. 3
can be considered to be essentially independent of pressure over the range of

800 to 1200 psia. It is interesting to note that the extent of combustion curves
shown in Fig. 4 cross each other about 1.7 inches downstream of the injector. This
appears to result from a complex interaction of several processes in the model and
cannot be explained simply.

puring the second series of calculations, the propellant combustion flow field was
calculated for chamber pressures of 500 to 3000 psia. However, during these cal-
culations, the injector element configuration (particularly the dimensions of the
annular hydrogen flow passage) was varied until maximum performance was obtained
with a fixed gas velocity and constant ratio of injector pressure drop to chamber
pressure. A recess of 0.15 inch for the LO; post was chosen in both cases. For
the optimized injector configurations, the calculated variations of fraction LO;
burned and gas mixture ratio, temperature, and velocity with distance from the in-
jector at these two extreme chamber pressures are compared in Fig. 5 through 8

*Another aerospike segment engine was actually made available and used.

R-9136



100

<
] o
2 -
£ &
3
= D
=
b= 3
g +=t
3 -~
5] =
& =
L]
A 0
3}
[}
' I ' A i J J 1 .0
0 1.0 2.0 3.0
Distance from Injector, inches
0009 12000
p 5000 11500 3
: 2
: N
@ -~ Uy
L] - ,
3 - 1
= 4000 lio000 .o
b =
€O -]
=y (&)
& o
2 —
& o
=
B4
S 3000 fso0 g
@]
2000 i 3 Y Y 2 N JO
0 1.0 2.0 3.0

Distance from Injector, inches

Figure 3. Predicted Variation of Combustion Gas Parameters With Distance From
Injector for a Chamber Pressure of 1000 psia (0.15-Inch L0, Post
Recess)

R-9136



PERCENT BURNED

30

80

70

60

50

Lo

30

20

10

| |
1200 Psia ]

2

y 4

00 PSIA —

Figure 4.

A .8 1.2 1.6 2.0

DISTANCE FROM INJECTOR--INCH

Comparisbn of Predicted Near Injector Burning Rates
at Chamber Pressures of 800 and 1200 psia
{(0.15-Inch L0, Post Recess)

R-9136
9

2.4



100 T 1
- 3000 PSIA
1000 PSIA
’//"”’,4 i
80 , ////// 500 PSIA
2 | A L
2
=2
m
=
L \
&
i
o
4o
/
20 L;t/’ .
0 1.0 2.0 3.0

DISTANCE FROM INJECTOR--1INCH

Figure 5. Predicted Variation of Percent Combustion With Distance From
Injector (0.15-Inch LO, Post Recess)

2
6.0 — .
’/,fé 3000 PSIA
' ‘/”,,——" 1000 PSIA
A
o r,/”’ "] 500 PSIA
K 4.5 1//, .
£ 7
4
250 ///
/// 7
”ﬁfﬁ
w.
1.5 A/ — .
0 1.0 2.0 3.0

DISTANCE FROM INJECTOR--INCH

Figure 6. Predicted Variation of Mixture Ratio With Distance From
Injector (0.15-Inch L0, Post Recess)

R-9136
10



11
9¢16-Y

1000 psia

3000 psia .
3000 psia 500 psia
1000 psia ‘
6000 500 psia 1600
5000 1400
x o
- 2
o 12
L 4000 & 1200
= -
: 3
3 S
o o
L o
o > 1000
& 3000 @
o
2000 | 800
1000 . N , . \ R 600 1 1 [ A o
0 1.0 2.0 3.0 0 1.0 2.0 3.0
Distance from Injectors, inches Distance from Injectors, inches
Figure 7. Predicted Variation of Gas Temperature Figure 8. Predicted Variation of Axial Gas Velocity

With Distance From Injector (0.15-
Inch LO2 Post Recess)

With Distance From Injector (0.15-
Inch LO2 Post Recess)



with the results from the 1000-psia case. The results shown in Fig. 5 indicate
that the burning rate over about the first inch of the chamber is essentially in-
dependent of pressure, but becomes more rapid with increasing pressure at greater
distances from the injector. The curves shown in Fig. 5 cross as they did in
Fig. 4, as a result of the same type of complex interaction.

During the third series of calculations, the combustion flow field was calculated
for chamber pressures of 800 and 1000 psia and an injector configuration with no
LO2 post recess. This configuration corresponded to the actual thrust chamber
assembly employed in the motor firings. 1In Fig. 9 are shown the calculated varia-
tions with longitudinal position of the fraction burned, gas mixture ratio, tem-
perature, and gas velocity over the initial 3.0 inches with the nonrecessed LO»
post and at 1000-psia chamber pressure. The gas flow field parameters calculated
at a chamber pressure of 800 psia for the case of no L0 post recess were essen-
tially the same as those shown in Fig. 9.

The difference in LO2 post recess between zero and 0.15 inch caused very signifi-
cant differences between the near-injector burning rates and flow fields. Figure

10 shows the variation in the percent burned for the two geometries at a chamber
pressure of 1000 psia; Fig. 11 shows a similar comparison for the resultant gas
mixture ratio and temperature. It is clear from the graphs that lower mixture
ratios and temperatures are predicted in the gas flow field adjacent to the acoustic
cavities if no LOp post recess is used in the injector.

Probably of particular significance to the cavity behavior are the size and nature
of the recirculation region close to the injector. In the calculation, this region
occurs where the main flow field does not fill the complete cross-sectional area
of the combustion chamber. The extent of this zone for the injector with no LO;
post recess is shown in Fig. 12, where the fraction of unfilled chamber area is
plotted as a function of distance from the injector face. This figure shows that
the flow attaches at approximately 0.60 to 0.65 inch from the injector. The tem-
perature and composition of the gas at the entrance to a cavity which does not
extend beyond the attachment distance is presumably defined by conditions at some
point intermediate between the conditions at the attachment point and the mean
distance of the cavity opening from the injector.

STABILITY ANALYSIS

The manner in which the acoustic cavity requirements for stable operation will
change with variations in engine operating pressure cannot be predicted at present,
However, the amount of cavity damping required will vary as the degree of instabil-
ity varies which can be predicted through the use of an analytical model for the
instability processes. Therefore, a Priem-type combustion instability model was
used to predict the variation of engine stability with chamber pressure using the
steady-state model results for these calculations. The Priem model calculations
are outlined in Appendix C. From this model, a stability index, Ap, is obtained
as a function of axial position in the chamber. A, is a measure of the degree of
stability of an engine; higher values correspond to greater stability.
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Calculated results for the cylindrical equivalent of the linear aerospike engine
(13.2 inches in diameter) are shown in Fig. 13 and 14. The calculated values of
A, for chamber pressures of 800 and 1200 psia (originally planned pressures for
the motor firing program) are shown in Fig. 13, while the values of Ay for the
500-, 1000-, and 3000-psia chamber pressures are shown in Fig. 14, e minimum

values of Ap (most unstable point or most sensitive zone) and their locations for
each chamber pressure are listed in Table 1.

TABLE 1. LOCATION AND VALUE OF STABILITY INDEX AT THE MOST SENSITIVE
ZONE WITH 0.15-INCH LO2 POST RECESS

Chamber Distance From A
Pressure, psia Injector, inch P
500 0.50 1.30
800 2.25 0.625

1000 2.25 0.33

1200 2,25 0.21
3000 2,25 0.092

Except for the 500-psia chamber pressure case (below the critical pressure of

liquid oxygen), the most sensitive location is calculated to be a short distance
downstream of the point of final disintegration of the liquid oxygen jet into
discrete droplets. A clear trend of decreasing stability with pressure is indicated
from the values of Ap listed above, which implies more stringent cavity damping
requirements. . ‘

The foregoing analytical indication of decreasing stability with increasing chamber
pressure is recognized as being inconsistent with the general experience of Hy/0;
engine developments, wherein stability has usually not changed markedly (and some-
times has improved) with increased chamber pressure. A partial explanation for the
anomolous results may lie in the assumption of constant hydrogen injection tempera-
ture in analyzing the linear aerospike, whereas higher P; usually entails higher
injection temperatures for the regenerative coolant propellant, Another partial
explanation may be that the CSS computer model was used at an intermediate state

of its continuing development and may have overpredicted the response of LO, spray
combustion to pressure changes. By the time the model had evolved further, program
funding limitations did not permit undertaking further analytical work, so these
and other possibilities remain unresolved. The salient point remains, however, that
selection of the degree of cavity damping provided must be related to the expected
inherent stability at the engine operating conditions. At present, reliance must
be placed on whatever relative stability comparisons are available or can be
developed.
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EXPERIMENTAL STUDIES

The objective of the experimental effort was to determine the sound velocity and
density of the gases contained in the acoustic cavities of moderately high chamber
pressure Hy/0, engines. These properties were to be determined over a sufficient
range of operating conditions and cavity configurations to allow correlations to be
developed that would be applicable to the entire range of interest. However, a
number of difficulties encountered during the program led to diminished amounts of
testing and analysis from that originally planned. Nevertheless, a substantial
number of tests were made and sufficient data were obtained to allow useful corre-
lations to be developed for the cavity gas temperature and composition.

The approach taken during this program was to jnstall acoustic cavities in a linear
aerospike segment thrust chamber and then, during motor firings, measure the temper-
ature distribution within the acoustic cavities and withdraw gas samples from them
for subsequent compositional analysis. The cavity sound velocities and gas densi-
ties could then be calculated from the measured temperatures and compositions.

In addition to evaluating the effects of varying normal engine operating conditions,
the effect of purging the cavity with a hydrogen injected from the closed end of the
cavity was studied. The purpose of this hydrogen bleed is to control the gas sound
velocity and density in the cavity at known levels, However, to achieve this pur-
pose, the bleed flowrate and injection conditions necessary to control the condi-
tions in the cavity must be determined. Therefore, tests were made to indicate
these requirements.,

During the test program, chamber pressure was varied over a nominal range of 500

to 900 psia with a single radial cavity width of 0.59 inch and over a nominal range
of 850 to 1100 psia with two axial cavity configurations with widths of 0.59 and
0.42 inch. The effect of hydrogen bleed into the cavities was investigated at nom-
inal flowrates of 0.007 and 0.025 lbm/sec/cavity with the radial cavity and for a
single flowrate of 0.007 1bm/sec/cavity with the two axial cavities. Gas samples
were withdrawn from the bottom of the cavities during a number of motor firings and
later analyzed by a combination of pressure/temperature measurements (to determine
the amounts at water and noncondensibles) and gas chromatography (to analyze the
noncondensibles). A description of the hardware used in the tests, the results of
the motor firings, and a correlation of these results are presented in the follow-
ing paragraphs.

HARDWARE

Thrust Chamber

The engine configuration used for the motor firing tests was obtained by modifying
a linear aerospike thrust chamber {identified by the number RL001562X). The basic
features of the unmodified thrust chamber are shown schematically in Fig. 15. The
chamber has a rectangular cross section that has a constant width of 11,585 inches
and a height that tapers uniformly from 1.48 inches at the injector face to 0.458
inches at the throat 4.88 inches from the injector face. The nominal throat area
is 5.31 sq in. in the unstressed conditions, but it expands to an area of 5.58 sq
in. at a chamber pressure of 1000 psia, primarily because the long wall of the
rectangular cross section behaves as a uniformly loaded beam.
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The chamber walls are made of NARloy (copper alloy) and are cooled by gaseous
hydrogen flowing through passages produced by electroforming a nickel outer wall
over slots machined into the outside of the NARloy inner wall structure. The
hydrogen is introduced into the coolant passages from a manifold at the exit end
of the nozzle and flows toward the injector in a single-pass system. The hydrogen
that cools the contoured walls then flows into the injector while the hydrogen
that cools the straight side walls is used to cool the periphery of the acoustic
cavity openings and is then dumped overboard through orifices on each side.

Injector

The injector, which is welded to the chamber body, consists of 67 coaxial gas/
liquid Hp/0, elements arranged in three parallel rows and an H,/F; igniter element.
The outside diameter of each of the annular gaseous hydrogen %uel passages is

0.189 inch, while the inside diameter (i.e., the LO2 post outside diameter) is
0.134 inch. The inside diameters of the LO, posts are éach 0.106 inch. Tubular
inserts were used in the LO, posts to increase the pressure drop and were 0.084-inch
inside diameter and 0.78-inch long. The total oxidizer orifice length was 0.92 inch.
The injector was designed originally to have a propellant mixing cup formed by

an 0.16-inch recess of the LO2 post tips from the injector face. However, pre-
vious to this program the effect of this cup was effectively eliminated by a

flaring of the fuel annulus outside diameter to approximately twice its original
dimension with a corresponding fivefold decrease in relative velocity between

the concentric propellant streams at the injector face.

Acoustic Cavities

Acoustic cavities were fabricated in the chamber side walls immediately downstream
of the injector face. Because the engine was being used as a two-dimensional
experimental model of a cylindrical engine (corresponding to a diametrical section
of the cylindrical engine) this cavity location corresponds to the conventional
location of the cavities along the periphery of the injector. Moreover, this is
the only location where the cooled chamber walls could be pierced practicably to
jnstall the cavities. The cavities were formed by welding and TIG brazing a
multipurpose Nickel 200 housing. (shown schematically in Fig. 16) to the chamber.
The modified thrust chamber is shown in Fig. 17. The basic cavity housing con-
figuration permitted the investigation of either radial cavities with a maximum
depth of 4.30 inches and a maximum width of 0.80 inch, or the study of semiaxial
cavities with a maximum depth of 5.0 inches and a maximum width of 0.80 inch.

The cavity height was 1.30 inches in all cases, The cavity dimensions to be
tested were selected from the damping calculations described in the Analytical
Studies section.

The various radially or axially directed cavity configurations and the cavity
widths were obtained through use of TZM molybdenum alloy filler blocks inserted
through flanged openings at the bottom of the cavities (Fig. 16). These filler
blocks, which were held in place by shoulders that slide into keyway slots in the
housing walls, permitted either a complete closure of the cavity or a reduction
in cavity width to 0.59 or 0.42 inch. The acoustic cavity body was cooled to a
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depth of approximately 0.6 inch from the open end of the cavity by hydrogen flow-
ing from the combustion chamber side walls through passages drilled in the nickel
cavity walls. Additional cooling was provided around the cavity lip by hydrogen
flowing in another passage beneath the copper-nickel braze joint.

The cavities were each instrumented with six exposed junction thermocouples (tungsten-
5 percent rhenium/tungsten-26 percent rhenium). The thermocouples were inserted

through the cavity walls and sealed by means of CONAX-type packing glands with crush-
able ceramic bushings.

Three ports were located at the closed end of each cavity, two for introducing a
gas bleed and the third for withdrawing cavity gas samples. A 0.020-inch orifice
used in the sampling port was selected to permit a 70-milliliter sample bottle to
be pressurized to 100 psia with the sample gas over a period of approximately 300
milliseconds at a combustion chamber pressure of 1000 psia. The sampling time was
selected in turn by the desire to limit the combustion gas velocity in the cavities
to less than 2 ft/sec, a level which would cause the cavity gas to be displaced
~1.4 times during the sampling period and, therefore, was not expected to markedly
change the gas composition or the temperature distribution within the cavities.
However, flow through the sample line was vented to the atmosphere when not being
collected in the sample bottle,

Backup Structure

Because of its rectangular cross section, the linear aerospike chamber requires
reinforcement by a strong backup structure, particularly in the nozzle region
where a close tolerance must be maintained on the throat gap. The outward forces
from high chamber pressures were balanced by a system in which fitted spacer
blocks transferred the beam loading from the chamber walls to the bolted-together
aluminum alloy backup plates shown in Fig. 18 and 19,

TEST STAND

The motor firings were made on Nan Stand of the Rocketdyne Propulsion Research
Area. A schematic diagram of this test facility is shown in Fig. 20. Gaseous
hydrogen, with temperatures adjustable over a wide range, and liquid oxygen are
available on this test stand. The hydrogen temperature is controlled by mixing
liquid and ambient temperature gaseous hydrogen. Nitrogen was used as both tank
pressurant and line purge gas in the oxidizer system, and hydrogen gas was used
to pressurize the liquid hydrogen supply tank. Liquid flowrates were controlled
by the tank pressure settings and through the use of cavitating venturis. The
gaseous hydrogen flowrate was controlled through use of parallel dome-type pres-

sure regulators and a sonic line orifice. Gaseous fluorine was employed to pro-
vide a hypergolic ignition system.

Gas Sampling System

Gas samples were withdrawn from the closed end of an acoustic cavity through an
orifice, the thermal conditioning system shown in Fig. 21 and into 75- or 300-
milliliter high-pressure stainless cylinders. Sample pressure was reduced by flow
through a 0.020-inch-diameter, long sonic orifice. The conditioning system reduced
the temperature from the cavity temperature to the 250 to 300 F level, which allowed
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the gas to pass through valves without damage to the valve components but, none-
theless, prevented condensation of water., The sample gas temperature was reduced
by passage through a coaxial heat exchanger formed by jacketing 30-inch lengths of
stainless-steel tubing (a 0.125-inch outside diameter by 0.020-inch wall tube
inside of a 0.250-inch outside diameter by 0.025-inch wall tube). Hot water

was circulated through the annulus of the heat exchanger in a closed-lcop system,
passing in turn from a 35-gallon supply tank, through a 2.5-gpm Burke pump, a 15-
kilowatt Chromalux heater, either the coaxial heat exchanger or a bypass loop,
then back to the supply tank. Water temperature was maintained at 230 to 250 F.
This water temperature was sufficient (with the 150 equivalent diameters of heat
transfer length through which the gas sample passes in the heat exchanger) to en-
sure a gas temperature between 250 and 300 F, regardless of the temperature in
the cavity itself.

As shown in Fig. 21, the sample gas passed from the heat exchanger through a
remotely operated Hoke three-way ball valve into a sample bottle manifold or
through a vent to the atmosphere. Two sample bottles, each equipped with hand-
operated shutoff valves, were connected to the manifold. To prevent condensation
of water from the sample, the entire system downstream of the heat exchanger was
located inside the oven shown in Fig. 22. This maintained temperatures at approx-
imately 300 F during the motor firings. The vent to atmosphere allowed a purging
of atmospheric contaminants from the acoustic cavity and coaxial heat exchanger
during the initial portion of a motor firing before the actual sample was with-
drawn. Provision was made for evacuating the manifold and sample bottles down-
stream of the three-way valve with a Kirnney vacuum pump before the motor firing.
The hand-operated shutoff valves permitted the gas sample to be sealed in the
bottle immediately after the motor firing.

MEASUREMENTS

During the linear aerospike engine firings, measurements were made of chamber
pressure, overall propellant flowrates, and the flowrate of hydrogen sidewall
coolant dumped overboard after passage around the acoustic cavities. Measure-
ments were also made of injection temperature and pressure drop and of coolant
jacket temperature increase and pressure drop. Additionally, the sample bottle
temperature and pressure and the temperature of the sampling system water supply
were measured. The operational parameters and the instrumentation used to
measure them are summarized in Table 2,

The cavity temperature distribution was measured with six tungsten-5 percent
rhenium/tungsten-26 percent rhenium thermocouples in each of the open cavities.
Locations of the thermocouple junctions are shown in Table 3,

The electrical outputs of the various transducers were recorded by both direct
veading Dynalog recorders and by a Beckman multichannel Model 210 digital data
acquisition system.
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TABLE 2. PARAMETERS MEASURED DURING LINEAR AEROSPIKE MOTOR FIRINGS
Parameter General Method Measurements Transducer
Hydrogen Fuel System
LH2 Flowrate Venturi AP Upstream Temperature Rosemount
Upstream Pressure Taber
Throat Pressure Taber
GH, Flowrate Subsonic Venturi | Upstream Temperature I/C T/C
Upstream Pressure Taber
Venturi AP Taber
Sonic Venturi Upstream Temperature I/C T/C
Upstream Pressure Taber
Throat Pressure Tabex
Coolant Jacket AP In and Out Inlet Pressure (2} Taber
Pressure Sidewall Outlet (2) Taber
Contour Wall Outlet (2) Taber
Coolant Jacket AT In and OQut Inlet Temperature (2) 1/C T/C
Temperature | g, dewall Outlet (2) 1/C T/C
Contour Wall Qutlet (2) 1/Cc T/C
Side Wall Coolant Critical Orifice | Upstream Dump Temperature (2) |I/C T/C
Dump Upstream Dump Pressure (2) Taber
Liquid Oxygen System
LO2 Flowrate Turbine Flow- Flowmeter Pressure Taber
meter Flowmeter Temperature 1/C T/C
Volume Flow Flowmeter
Thrust Chamber
Chamber Pressure Injector Face Pressure Taber
H2 Injector AP Fuel Manifold Pressure Taber
LO2 Injector AP Oxidizer Manifold Pressure Taber
Acoustic Cavity
Gas Temperature T/C Probes (12) W/R T/C
Cavity Wall Heat Flux| Transient Backwall Temperature 1/C T/C
Temperature
Cavity Bleed Rate Critical Orifice| Upstream Pressure Taber
Other Measurements
Sample Temperature Sample Bottle Temperature I/C T/C
Sample Line Temper- Conditioning Water Temperature| I/C T/C
ature
Sample Pressure Sample Manifold Pressure Tabet
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TABLE 3.

o

CAVITY THERMOCOUPLE (TC) LOCATIONS
AXIAL

RADIAL

E

THERMOCOUPLE _J}

Cavity Cavity X-Position, Y-Position,
Type Location* | Thermocouple inches inch
Radial Left TC-A 0.95 0.2

TC-B 1.44 0.4

TC-C 1.93 0.2

TC-D 2.41 0.4

TC-E 2.89 0.2

1 TC-F 3.39 0.4

Right TC-G 0.95 0.4

TC-H 1.44 0.2

TC-J 1.93 0.4

TC-K 2.41 0.2

TC-L 2.89 0.4

' | TC-M 3.39 0.2
Axial Left TC-A 1.47 0.4,0,2%*
TC-B 1.96 0.2

TC-C 2.45 0.4,0.2

TC-D 2.95 0.2

TC-E 3.44 0.4,0,2

3 TC-F 3.94 0.2

Right TC-G 1.47 0.2

TC-H 1,96 0.4,0.2

TC-J 2.45 ‘ 0.2

TC-K 2.95 0.4,0.2

| TC-L 3.44 0.2
r {r TC-M 3.94 0.4,0.2

*Chamber side as viewed in the flow direction, i.e., from injector

to throat

**0.4 for 0.59-inch-wide cavity; 0.2 for 0.42-inch-wide cavity
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CAVITY GAS SAMPLE ANALYSIS

Pressure-Volume-Temperature (PVT) Determination

The composition of the cavity gas samples was expected to comprise essentially
only Hp and Hy0, and the compesitional analysis scheme was set up accordingly.
With significant concentrations of water in a sample, the only practical method
of analysis was through pressure-volume-temperature measurements, which allow
the condensible and noncondensible species to be distinguished. If the only
noncondensible species is Hp, then only PVT measurements are required to analyze
the cavity gas samples, However, because of the possibility of other nonconden-
sible constituents, e.g., trapped air or purge gas, the noncondensible portien
of selected gas samples was also analyzed by gas chromatography.

The relative mole fractions of condensible and noncondensible species in the
samples withdrawn from the bottom of the acoustic cavities during the motor fir-
ings with the linear aerospike thrust chamber were determined by measuring the
variation of gas pressure within the sampling cylinder at temperatures varying
from approximately 50 to 270 F. These measurements were made with the system
shown schematically in Fig. 23. The Tabor AP pressure transducer and the silicone
oil-filled lines were used to ensure that the entire volume of sample gas could

be maintained at the nominal sample bottle temperature while the Heise pressure
gage was maintained at ambient temperature; otherwise, condensation of water vapor
in the cooler portions of the system would produce erroneous results.

The analysis of the pressure-temperature data was made through use of vapor pres-
sure data for water and Dalton's law of partial pressures

Py = pHZO NC

where Py, Py, PNC are the total pressure and the partial pressuresof water
vapor and noﬁcondensible gas respectively. The partial pressure of the noncon-
densible gas will obey the gas law as temperature is varied. If the partial
pressure of the water is less than the vapor (saturation) pressure, it will obey
the gas law; otherwise, the partial pressure will equal the vapor pressure.
Therefore, the sample pressure will vary with sample temperature as

n_R..T. = E : X . E.O_r.r_ < p
v T, ' Hy0,0\ T, vap
- P,T P,T
P Pvap * *nc,0 (T‘-’-—) ; XHZO,O (T"—)> P
o] 4] . P

where the volume of the condensed liquid has been neglected compared to the
sample volume. This pressure-temperature behavior is illustrated in Fig. 24.
Although a numerical curve-fitting procedure (least squares) could have been

used quite readily, the available data could be analyzed with sufficient accuracy
by examining the asymptotic pressure variations at high and low temperatures, as
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shown in Fig. 24, From inspection of the data at high temperatures, the upper
straight line could be drawn, i.e., select values for p, and T,. Similarly,
from inspection of the data at low temperatures, the lower straight line (asymp-
tote) could be drawn, i.e., select XNC,o. The transition curve could then be
calculated by simply adding the vapor pressure to the expression for the lower
asymptote. The mole fractions could thus be estimated within~0.5 percent.

This procedure was used with all of the pressure-temperature sample data to de-
termine the mole fractions of condensibles (water) and noncondensibles,

Chromatographic Analysis

After making pressure-temperature measurements, the noncondensible fraction of an
acoustic cavity gas sample was analyzed directly for Hy, 0Oj, Ny, and argon by gas
chromatography. Water was first removed by passing the sample through a dry ice
cold trap before it entered the gas chromatograph. A 5-Angstrom molecular sieve
column was used in the gas chromatograph with a helium carrier and a thermal con-
ductivity detector. The detector's response, displayed as peaks on a strip chart
recorder, was made quantitative by comparison to the responses of high-purity neat
gases and standard gas mixtures.

MOTOR FIRING RESULTS

Cavity gas temperature data were obtained during 32 motor firings made with the
linear aerospike thrust chamber. The first 19 of these firings were made with

a radial cavity, 0.59 inch wide. Seven of the remaining 15 tests were made with
an 0.59-inch-wide axial cavity; the remainder were made with an 0.42-inch-wide
axial cavity. Gas samples were taken during 11 of the tests. The operating con-
ditions for these tests are summarized in Table 4, along with the calculated c*
efficiencies, ‘ '

Cavity Gas Temperatures

Cavity gas temperatures were measured at the thermocouple locations shown in

Table 3. The measured temperatures exhibited significant transient behavior of
the kinds illustrated in Fig. 25 and 26. The temperature fluctuated continuously
around a mean temperature which approached a steady-state condition in a manner
that varied both with location in the cavity and from firing to firing. Conse-
quently, cavity gas temperature data were summarized both in terms of the maximum
local temperatures recorded in each motor firing (Table 5} and in terms of the
time-averaged local temperatures averaged over the last 1.0 second of each 4.0-
second motor firing (Table 6). Time-averaged temperatures measured during firings
without hydrogen bleed in the cavities are plotted in Fig. 27 and 28 for the radial
cavities and the 0.59-inch-wide axial cavity, respectively. The extent of the run-
to-run variation in temperatures is evident from these plots. However, as discussed
below, this variation is believed to reflect an actual variation in temperature
rather than measurement uncertainty. In spite of this variability, it may be ob-
served that the temperatures in the right cavity tend to be distinctly higher than
those in the left cavity.
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TABLE 4. SUMMARY OF OPERATING AND PERFORMANCE DATA
FROM LINEAR AEROSPIKE MOTOR FIRINGS
Chamber Total Propellant
Pressure, | Mixture Flow, (1) Gas
Run psia Ratio lbm/sec Mew Sample
4 486 5.04 11.66 0.915
6 516 5.16 12.07 0.945
7 606 5.98 15.43 0.89
9
10 604 5.54 15.46 0.87 Yes
1l 608 5.49 15.40 0.88 Yes
12 602 5.48 15.43 0.87
14 886 6.97 22.07 0.94
15 883 6.59 21.65 0.945 Yes
16 2| g7 21.85 -
17 09 6.64 21.97 0.955 Yes
18 912 6.67 21.89 0.96
19 917 6.65 21.97 0.965
20 853 7.41 20.35 0.995
21 871 6.64 20.16 1.00 Yes
22 883 6.83 20.89 0.985
23 B96 7.03 21.34 0.98 Yes
24 898 6.90 21.50 0.985 Yes
25 911 6.66 21.75 0.96
26 844 6.65 19.50 1.00
27 841 7.16 20.05 0.985
29 870 6.36 20.07 0.99
31 1063 6.73 25.13 0.98
32 1073 6.70 25.89 0.955
33 862 5.91 18.44 1.05 Yes
34 868 6,36 20.25 D.98
35 893 6.84 20. 80 1.00
36 900 6.52 21.25 0.975 Yes
37 1095 5.82 27.78 0.985
38 1109 5.69 28.73 (.86 Yes
39 1107 5.68 28.50 0. 865 Yes
40 1106 5.74 29.07 0.85
1)

Based on measured injector face pressure with corrections

loss and for variation of throat are during a firing

2 ;
( JNo valid pressure measurement
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TABLE 5. MAXIMUM CAVITY GAS TEMPERATURES MEASURED
DURING LINEAR AEROSPIKE MOTOR FIRINGS

g?zisf Maximum Cavity Gas Temperature, F

Run | Cavity* |1ibm/sec| TC-A |TC-B [TC-C |TC-D | TC-E | TC-F |TC-G i TC-H | TC-J | TC-K |TC-L |TC-M

4 |Radial-1| 0.000 | 1095 | 960 | 650 | 660 | 430 | -- |[1510 | -- | -- | 780 | 660 | 70§

6 0.000 | 900 | 815 | 585 | 505 | 315 | -- |1090 [ 990 | -- | 645 | 595 | 545

7 0.000 | 990 | 975 | 675 | 665 | 455 | -- |1280 [1095 | -- | 785 | 775 | 725

9 0.000 | 915 | 580 | 515 | 545 | 420 | 490 | -~ | 640 | 610 | -~ | 510 | 425
10 0.000 | 1095 | 980 | 845 | 700 | 570 | 630 | -- |1170 |1070 | -- | 860 | 760
11 0.000 | 1115 | 990 | 830 | 690 | 580 | 620 | -- {1140 |1050 | -- | 725 | 730
12 0.000 | 1050 | 965 | 795 | 645 | 395 | 495 | -- |[1100 |1000 | -- | 715 | 625
14 | 0.007 | 710 | 490 | ss0 | 355 | 275 | 345 | - | 740 | s2s | - | 470 | 385
15 0.007 | 670 | 435 | 525 | 345 | 270 | 325 | -- | 695 | 515 | -- | 455 | 315
16 0.000 | 1105 {1190 | 840 | 860 | 615 { 515 | -- |1245 {1075 | -- | 915 | 1000
17 0.000 | 1085 {1180 | 810 | 815 | 585 { 495 | -- |1215 | 955 | -- | 850 | 940
18 0.025 | 545 | 360 | 260 | 305 | 240 | 275 | -- | 355 | 380 | —- | 370 | 290
19 0.025 | 495 | 345 | 230 | 285 | 225 | 260 | -- | 350 | 360 | -- | 330 | 275
20 0.000 | 330 | 755 | 460 | -~ | 340 | 350 | -- | 860 | 555 | 745 | 535 | 615
21 0.000 | 355 | 670 | 340 | -- | 285} 300 | -- | 795 | 510 | 690 | 455 | 520
22 0.0071| 280 | 210 | 210 | --. | 200 | 200 | ~- | 220 | 225 | 225 | 215 | 205
23 0.0071| 290 | 205 | 205 | -- | 195 | 195 | -- | 225 | 225 | 230 | 225 | 215
24 0.0255| 195 | 180 | 175 | -- | 135 | 175 | -- | 175 | 185 | 180 | 180 | 175
25 0.0255| 180 | 175 | 175 | -- | 175 | 175 | -- | 170 { 180 | 180 | 175 | 165
26 |Axial-1 | 0.000 | 315 | 655 | 365 | -- | 290 | 315 -- | 765 | 595 | 585 | 400 | 450
27 0.000 | 350 | 700 | 370 | -- | 310 | 335 | -- | 860 | 645 | 690 | 450 | 560
29 0.0070| -~ | 245 | 245 | -- | ~- | 220 | 425 | 265 | 270 | 265 | 250 | 250
31 0.0071| -- | 240 | 260 | -~ | 240 | 235 | 425 | 255 | 255 | 245 | 235 | 230
32 } 0.000 | -- | 705 | 430 | -- | 425 | 395 | 750 | 800 | 475 { 745 | 500 | 580
33 |Axial-2 { 0.000 | -- | 280 | 405 | 270 -- | 250 | 195 | 270 | -- | 130 | 115 | 110
34 0.000 | -- | 255 | 335 | 215 | -- 180 | 200 | 280 | -- 125 | 110 | 105
35 0.0071| -- | 140 | 75 | 70| -- 80 | 160 | 165 | -- 115 | 105 | 80
36 0.0069| -- | 140 | 75 | 70| -- 70 | 160 | 155 | - 120 | 105 | 85
37 0.000 | -- | 710 | 435 | 645 | -- | 525 | 235 | 310 | -- 165 | 145 | 135
38 0.000 | -- | 465 | 510 | 505 | -- | 330 | 225 | 300 | -- 170 | 145 | 125
39 0.0070| -- | 270 | 150 | 90| -- 90 | 275 | 185 | -- 110 | 110 | 90
40 \ 0.0068| -- | 200 | 145 | 90| -- 85| 255 | 170 | -- 140 | 140 | 100

*Radial-1 dimensions:depth = 4.30, width = 0.59; Axial-1 dimensions:depth = 5.0, width = 0.59;
Axial-2 dimensions:depth = 5.0, width = 0.42
x¥See Table 3 for thermocouple locations in cavities
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TABLE 6.

TIME-AVERAGED CAVITY GAS TEMPERATURES DURING FINAL
1.0 SECOND OF LINEAR AEROSPIKE MOTOR FIRINGS

Cavi;y Time Average* Cavity Gas Temperature, F

Run Cavity ?é:iséc TC«A |TC-B | TC-C |TC-D |TC-E | TC-F | TC-G | TC-H |TC-J | TC-K |TC-L |TC-M

4 | Radial-1| 0.000 975 | 855 | 550 ) 430 | 300 | -~ | 1470 | -- -= 620 { 550 | 500

6 0.000 790 | 725 | 480 § 395 | 290 | -- | 1050 | %00 | -- 565 | 545 | 34s

7 0.000 960 | 955 660 | 605 365 -- 1230 {1060 -- 700 725 545

9 0.000 905 ( 575 ] 495 | 535 | 410| 480 -- 615 [ 595 | -- 495 | 415
10 0.000 1070 | 975 805 | 695 520 720 -- 1145 | 1040 -- 830 725
11 0.000 1075 990 810 | 690 530 | 605 -- 1125 (1030 - 795 705
12 0.000 1110 | 865 | 695 | S80 | 345 | 400) -- 1045 | 910 -- 655 | 440
14 0.007 695 | 485 | 520 | 335 | 270 330 -- 630 | 515 ) -- 460 | 330
15 0.007 670 430 | 505 335 265 315 -- 645 495 - 445 315
16 0.000 9560 |1035 780 | 685 605 505 -- 1205 (1060 | -- 910 | 985
17 0.000 885 960 730 720 565 455 -- 1115 815 -- 850 | 925
18 0.025 490 | 355 | 260G | 305 | 235 | 270 | -- 340 | 370 | -- 335 | 280
19 0.025 480 305 225 280 225 | 250 - 330 345 - 315 | 270
20 0.000 325 | 745 | 410 | -- 315 | 340 -- 790 | 410 730 | 500 | 600
21 0.000 335 630 310 -- 275 295 -- 775 795 620 380 | s00
22 0.0071 | 275 | 205 | 205 | 1S5 | 195 195| -- 205 | 215 210 | 200 | 195
23 0.0071 275 200 195 145 190 190 - 215 220 220 210 | 210
24 0.0255 185 175 170 115 170 170 - 160 170 170 160 160
25 0.0255 | 135 | 170 | 170 | 110 | 170 | 170| -- 170 } 175 170 | 165 | 155
26 | Axial-1 0.000¢ 300 600 310 105 275 300 835 700 | 555 490 345 390
27 0.000 295 670 315 110 300 320 915 835 535 635 370 | 520
29 0.0070 - 230 235 95 - 215 400 250 245 245 235 240
31 0.0071 | -- 255 | 250 85 | 235| 230 390 | 245 | 255§ 245 230_ 230
32 \ G.000 -- 665 405 125 375 370 700 750 375 | 690 465 540
33 | Axial-2 | 0.000 -- 260 | 385 | 215 | -- 210 | 180 | 250 | -- 110 | 110 95
34 0.000 - 250 320 175 -- 135 180 265 -- 115 100 50
35 0.0071 -- 110 75 75 -- 75 145 145 -- 105 100 80
36 0.0069 -—- 125 75 - 70 - 70 150 145 - 105 95 80
37 0.000 | -- 645 | 390 | 625 | -- 480 | 220 | 270 | -- 155 | 135 | 130
38 0.000 - 405 490 375 - 310 205 265 -- 145 125 110
39 0.0070 | -- 205 100 70 -- 70 170 125 -- 100 160 75
40 0.0068 | -- 170 | 125 75| -- B5] 225 | 150 | -- 120 | 125 90

*Obtained by numerically integrating the temperature data
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Time-averaged temperatures measured during firings with a bleed flow of hydrogen
through the cavities are plotted in Fig. 29 and 30. With bleed intoc the cavities,
both the overall temperature level and the difference between the right and left
side of the chamber are reduced; however, careful examination indicates that

there is a relatively high degree of scatter for data obtained at nominally similar
conditions.

The cavity temperatures may have been affected by hydrogen leaks that developed
during the course of the motor firing program. Visual examination of the thrust
chamber during the test program indicated that a number of small leaks developed
in the braze joints sealing the hydrogen coolant passages at the downstream edge
of the basic cavity structure, 0.80 inch from the injector face. However, the
effects of these leaks on the cavity gas temperatures should be reduced by the
presence of the TZM cavity filler blocks, which were used in all the motor fir-
ings and which reduced the cavity width, or distance from downstream cavity edge
to the injector, to either 0.59 or 0.42 inch., During the combustion model cal-
culations, described in the preceding Analytical Studies section of this report,
the boundary layer attachment point was calculated to occur at 0.65 inch from
the injector. Beyond the attachment point, no upstream recirculation is expected.
Consequently, any leaking gas from the sidewall coolant passages should be swept
downstream rather than back into the cavity. The cold hydrogen sidewall coolant
is not expected to move up the wall against the main flow except, possibly, if
massive leakage were to occur. An overall heat balance calculation was made to
aid evaluation of the importance of these leaks. The value of a normalized heat
transfer parameter ¥, which corresponds to a normalized ratio of coolant tempera-
ture rise to wall heat flux, was calculated.” The variation in the value of
should be inversely proportional to the change in leakage from the sidewall.

The variation in ¥ through the course of the motor firing program, as calculated

~ for tests without cavity bleed, is shown in Fig. 31. The curves were calculated
from a least-square fit of the data. Not only is the shift in the parameter

less than the scatter in the data, but the shift is positive rather than negative,

as required for developing leaks. Consequently, the development of leakage dur-

ing the program can be considered to be small and, therefore, the effect on the

cavity gas temperatures should be negligible.

The aforementioned systematic difference between the gas temperatures measured

in the right and left sidewall cavities cannot be explained readily. As just
discussed, hydrogen coolant leaks at the cavity entrance do not appear signifi-
cant, or, at least did not change during the test series. Therefore, leakage is
not a likely explanation. However, it is possible that a minor leak may have
developed at the left sidewall cavity during the three preliminary checkout fir-
ings and not changed during subsequent tests. The effect of such a leak would
not be evident from the analysis, but could produce some reduction in gas tem-
perature at the cavity opening. Secondly, the removal of the gas samples from
the bottom of the left sidewall cavity could, possibly, draw cooler gas into the

*Derivation of | is presented in Appendix D.
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cavity from the region immediately downstream of the injector face. Because neither
of these effects occur in an engine application of acoustic cavities, it was con-
sidered appropriate to base the correlation of cavity temperatures upon the data
obtained in the right sidewall cavity whenever possible.

From Tables 5 and 6, it is evident that temperature measurements were not obtained
at all thermocouple locations during the various motor firings. This was the result
of the failure of the thermocouples (usually at the hot junction) during the course
of the firings. Moreover, the emf output of the thermocouples in the tests pre-
ceding a complete failure was sometimes erratic. All thermocouple data were recorded
in Tables S and 6, but a few suspicious values were disregarded in developing the
temperature correlations described below.

Correlation of Cavity Temperatures

Generally, for acoustic cavity design, the sound velocity and time-averaged density
of the gas contained in the cavity have been assumed spatially uniform for simplic-
ity. A nonuniform sound velocity and density is more difficult to utilize analyt-
ically with confidence and has been avoided except for calculations to assess the
importance of particular assumed sound velocity distributions. Nevertheless, allow-
ance should be made for this nonuniformity. Therefore, it appears appropriate to
utilize the temperature data from the motor firings to define both the temperature
distribution and a spatial average temperature because each may be appropriate for
cavity design calculations. Moreover, because the temperature data tend to be
scattered, the influence of changes in cavity configuration or operating conditions
may appear more clearly in the spatial average temperature than in the distributions
themselves.

Correlations for the cavity temperature distributions were developed by curve fit-
ting the temperature data with the correlation equation described in Appendix E,
which was developed from a simplified heat transfer analysis. This equation may
be written as

T(E) = T, + (T, - Ts)e'ME (1)

where

£ is a streamwise coordinate (see sketch below)

7 7T

% 7

7 7 ”
v/ / ([,
v/ 7 Z
7 a1 L=t 7
z z f
7B D,
e

(The coordinate £ is taken along the midwidth of the cavity.)
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Ts is the cavity wall temperature (assumed constant and equal to its
initial value)

Te is the gas temperature at the entrance to the cavity

M is an empirically based coefficient defined by

y n . 2n 1/2
K&+KZE)+KP_C,
IV A 1 A 2V A
C [ [

wy, is the cavity bleed mass flowrate. P. is the perimeter of the cavity,
Aczis the cross-sectional area of the cavity. Kl, Kz, and n are empirical
coefficients, to be determined from the data.

=
] o

in which

For correlation purposes, a value of 50 F was assigned to the wall temperature,
TS. The values of TO and M were determined by a least-squares fit of the relation

&n (T - Ts) = n (T0 - Ts) - Mg
to the data. For the radial cavity, the analysis results are given in Table 7.

TABLE 7. EVALUATION OF EMPIRICALLY BASED COEFFICIENTS
T0 AND M FROM RADIAL CAVITY TEMPERATURE DATA

Bleed Rate, T M, . Bleed Mass Flux,

1bm/sec F inch” lbm/in.z—sec

0.000 1550 | 0,306 0.000
0.007 945 | 0.447|  0.0091
C.0255 750 | 0.493 0.0332

The results for T, are also plotted as the upper curve of Fig. 32. From the varia-
tion of M with cavity bleed flowrate, values of K, Kz, and n were calculated directly.
The numerical values determined for these constants are K; = 0.580, Ky = 0.076, and

n = 0.19. Also it was found possible to fit the data from the 0.59-inch-wide axial
cavities equally well with the same empirical coefficients To’ M, Kl, Kz, and n.

Because insufficient data were available from the 0.42-inch-wide cavity, it was

not possible to explicitly determine the effect of the bleed coolant flowrate on
To from these data. Therefore, the results obtained from the 0.59-inch-wide cavity
were employed to estimate this effect by assuming the fractional change of the dif-
ference Ty - Tg was the same in both cases. Employing this assumption, the lower
curve shown on Fig. 32 was obtained. A check on the validity of this estimate was
obtained by comparing spatially averaged temperatures, as described below.
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Figure 33 shows the results of the correlation of the experimental cavity temper-
ature data with the cavity temperature model for the 0.59-inch-wide radial and
axial cavities (right side of the chamber) with no hydrogen bleed into the cavity.
Figure 34 shows the correlation between the experimental data and the temperature
model for the radial cavity on the opposite side (left) of the chamber at various
levels of cavity bleed. Considering the extent of data scatter in both Fig. 33
and 34, there is satisfactory agreement between the data and the model.*

The fact that temperature data from both the 0.59-inch-wide axial and radial cavi-
ties could be correlated with the same value for T, (1550 F) lends some support

to the approach being used. An attempt was made to relate this temperature to the
results from the combustion model calculations. Figures 9 and 12 show that 1550 F
corresnonds to the mainstream combustion gas temperature at a distance of 0.60 to
0.65 inch from the injector face, which corresponds, in turn, to the attachment
point location of the mainstream flow. This suggests that the gas next to the
cavity entrance in the recirculation region upstream of the attachment peint con-
sists primarily of gases swept back from the attachment point with approximately
the same temperature as at that point. With cavity bleed, the combustion gas
outside the cavity entrance would be cooled by mixing with the hydrogen gas leaving
the cavity. Consequently, the reduction in T, obtained from the data with increas-
ing bleed flowrate shown in Table 7 would be expected.

Because the spatial-average temperature appears to be a significant parameter,
either for estimating average cavity sound velocity and density or for assessing
the influence of changes in operating conditions, this average temperature was
calculated from the correlations and from the temperature data directly,

Spatially averaged temperatures were calculated from the data directly by either
integration (trapezoidal rule) over the cavity depth interval spanned by the six
thermocouple locations (Table 3) when temperature data were available from all
locations, or simple linear average of available thermocouple data when data were
missing from some locations. The average temperatures thus obtained are shown in
Table 8,

*It may be noted from Fig. 33 and 34 that, with no cavity bleed, the agreement
between the data and the correlation is better for the cavity data on the right
side of the chamber than on the left. In correlating the data for the tests with
cavity bleed, more measurements were available for comparison in the left side
cavity,
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Note that this temperature has been averaged only over the inFe?val of cavity dgpth
over which temperature data were obtained. For the axial cavities, this dgpth inter-
val extended from 0.99 inch to 3.31 inches, while the total depth was Q.S 1ncbes.

For the axial cavities, tne depth interval extended from 1.47 to 3.91 inches 1n a
cavity with a total depth of 5.0 inches.

The corresponding average cavity gas temperature may be obtainea f?om the correla-
tion expression by integration of the measurement depth interval, i.e.,

T -Mg -Mg
= o __L__ 1 _ 2 (2)
T =W, - &) : -

Average cavity temperatures calculated from this expression'are also shown 1in

Table 8. The agreement between the temperature values o?talned from the correla-
tion expression and from direct integration of the data 1S good fqr both the radial
and 0.59-inch-wide axial cavities. Based upon the assumption that the gas temper-
ature in the cavities was defined by the temperature of the gases_swept back from
the flow attachment point, the same value of T, was initially assigned to both the
0.59- and 0.42-inch-width cavities.

TABLE 8. COMPARISON OF SPATIAL AVERAGE CAVITY GAS
TEMPERATURES OBTAINED FROM DATA DIRECTLY :
AND FROM CORRELATION EQUATION 2 -

Experimental Correlated
Average Average
Cavity Width, | Bleed Rate, | Temperature, Temperature,
Configuration inch 1bm/sec F* F

Radial 0.59 0.000 850 840
0.007 345 365
0.0252 240 270
Axial 0.59 0.000 580 575
‘ 0.007 260 245

Axial 0.42 0.000 355** 455(355)***

0.007 140 205(160) ***

*Trapezoidal rule integration.
**Based on data from cavity in left sidewall of chamber. Other average
temperatures are based on data from right sidewall cavity.

***Figures in parentheses are calculated from T, based upon conditions
at axial location of 0.48-inch, which is intermediate between the
downstream edge of the cavity and the attachment point. Other
temperatures were calculated from T, based on attachment point
conditions. ‘
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Although this definition for Ty was both simple and attractive on physical grounds,
a poor correlation was obtained when it was used with the data obtained from the
0.42-inch-wide axial cavity. Conversely, the mainstream gas temperature at the
axial location of the downstream edge of the cavity could also be a reasonable
choice for T,. The difference between these two definitions would not signifi-
cantly affect the prediction for the 0.59-inch-wide cavity because its